BACKGROUND-Parkinson's disease (PD) is a complex multi-system age-related neurodegenerative disorder. Targeting the ongoing neuroinflammation in PD patients is one strategy postulated to slow down or halt disease progression. Proof-of-concept studies from our group demonstrated that selective inhibition of soluble Tumor Necrosis Factor (solTNF) by intranigral delivery of dominant negative TNF (DN-TNF) inhibitors reduced neuroinflammation and nigral dopamine (DA) neuron loss in endotoxin and neurotoxin rat models of nigral degeneration.
Background
Parkinson's disease (PD) is a complex multi-system age-related neurodegenerative disorder. The neuropathologic hallmarks of PD are striatal dopamine (DA) depletion resulting from loss of DA neurons within the substantia nigra pars compacta (SNpc), presence of Lewy bodies, and neuroinflammation. Current therapies attempt to maximize the function of existing neurons but do not target the molecular mechanisms that cause neuronal death. A disease modifying therapy that can protect DA neurons and prevent or delay further loss when given in the pre-motor stages of the disease is sorely needed. Targeting the ongoing neuroinflammation in PD patients is one strategy postulated to slow down or halt disease progression [1, 2] . Inflammation is observed in brains from both living [3] and deceased PD patients (e.g., [4, 5] ), and epidemiological data suggests that PD risk can be mitigated with chronic use of nonsteroidal anti-inflammatory drugs [6] [7] [8] .
Of the inflammatory factors that have been implicated in PD [1] work from our group and others suggests that soluble Tumor Necrosis Factor (solTNF) is required for robust endotoxin-or neurotoxin-induced nigral DA neuron degeneration [9] [10] [11] . TNF belongs to a superfamily of ligands and has been implicated in the etiology of several acquired and genetic diseases [12] . TNF is elevated in the cerebrospinal fluid and post-mortem brains of PD patients [5] and correlates with non-motor complications including cognition, depression, sleep, and disability [13] [14] [15] [16] [17] . Although other inflammatory cytokines are also elevated (eg: interleukin-1 and -6), solTNF sits at the apex of the inflammatory cascade and is required for the transcription of multiple pro-inflammatory cytokines [18] thereby acting as a master regulator of inflammation [19, 20] . Moreover, microglia imaging studies suggest increases in neuroinflammation occur early in PD [3] , targeting solTNF in the earliest stages of PD may be a reasonable disease-modifying therapeutic strategy.
XPro®1595 is a Dominant-Negative TNF (DN-TNF) inhibitor selective for solTNF that capitalizes on the unique chemistry and biology of human solTNF. Human solTNF is a trimer of 3 identical subunits. XPro®1595 is an engineered variant of human solTNF with two amino acid substitutions that disrupt its binding to TNF receptors (TNFRs), but maintains its ability to heterotrimerize with native TNF monomers. The resulting heterotrimers, a mixture of XPro®1595 and human TNF monomers, are likewise devoid of TNFR binding affinity. Therefore, XPro®1595 effectively and selectively neutralizes >99% of solTNF within minutes if the concentration is at least 10 fold higher than the concentration of native solTNF [21] . This specificity differentiates XPro®1595 from FDAapproved anti-TNF biologics that inhibit both solTNF and tmTNF. Because XPro®1595 spares transmembrane TNF (tmTNF) activity, it does not interfere with the role of tmTNF in immunity against infections [22] .
Multiple studies in vitro and in vivo demonstrate the selectivity and efficacy of XPro®1595 and related biologics in pre-clinical models of PD. In neuron-glia cultures, XENP345, an earlier version of XPro®1595 that works via the same mechanism of action, decreased microglial activation and improved DA neuron survival in the presence of lipopolysaccharide (LPS). When added up to 72 hours after LPS, XENP345 rescued approximately 50% of the DA neurons from inflammatory stress [9] . In 6-OHDA hemiparkinsonian rats, a direct infusion of XEN345 into the CNS that begins at the time of the lesion prevented DA neuron death and improved locomotor behavior [9] . The ability of DN-TNF to prevent DA neuron death has been confirmed using a lentivirus vector injected directly into the SNpc, allowing constitutive production of an XPro®1595 -like DN-TNF protein to neutralize solTNF. When injected into the SNpc at the time of the 6-OHDA lesion [10] or 2 weeks after 6-OHDA lesion [11] , there was at least 50% greater DA neuron survival and improved locomotor behavior [10] . These data represent proof-of-concept that direct administration of XPro®1595 into the brain can significantly reduce nigral DA neuron death when administered prior to significant degeneration. While these data are compelling, central administration (direct infusion or gene therapy) treatment strategies pose significant challenges in the treatment of PD patients. Importantly, recent studies have shown that peripherally administered XPro®1595 successfully decreased neuroinflammation and CNS lesions in EAE models of multiple sclerosis [23, 24] . However, as a protein therapeutic, it has not been established directly whether XPro®1595 can cross the blood-brain-barrier (BBB) to treat central neuroinflammation. Although data in the MOG-EAE model suggested direct central effects of XPro®1595 in the brain, the increased permeability inherent to the MOG-EAE model raised the possibility that disruption of the BBB facilitated entry of XPro®1595 into the CNS. In the current study we used the 6hydroxydopamine (6-OHDA) hemiparkinsonian rat model. The 6-OHDA model is the gold standard rat model for examining therapeutic strategies (e.g., [25] [26] [27] ) and does not compromise the BBB, at least to the extent to which non-selective TNF inhibitors can cross into the brain [28] . Herein we report that peripherally administered XPro®1595 can cross into the CNS in therapeutically relevant concentrations to block glial activation and when given three days after the lesion, can attenuate the loss of SNpc DA neurons.
Methods

Animals
Adult male Sprague-Dawley rats (250g) were purchased from Charles River Laboratories International, Inc. (Wilmington, MA) and allowed to acclimate to their new housing quarters for 2 weeks prior to any experimental procedure. Rats were pair-housed in standard transparent Plexiglas cages in a colony room maintained at 22 ± 1°C with a reverse 12-hour light, 12-hour dark cycle (lights on 2100 hrs to 0900 hrs). In all experiments, rats had free access to food and water ad libitum. All manipulations (injections and behavior) were conducted during lights out (rats subjective day) under red light between 1200-1500 hrs with the exception of the stereotaxic surgery, which was performed with lights on between 1100 hrs -1600 hrs. All studies and animal protocols were approved and guided by the Institutional Animal Care and Use Committee at Emory University.
Surgical procedures
Rats (N=47) were anesthetized with inhalant isoflurane (2-3%; Sigma, St Louis, MO) in oxygen (2.5 L/min), placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) and received 4 μl (20 μg) of 6-hydroxydopamine (6-OHDA; Sigma, St Louis, MO) solution or sterile saline (mock lesion) in a single unilateral injection at a rate of 0.5 μl/ minute [11] . The stereotaxic coordinates were as follows: anteroposterior, 1.0 mm from bregma; mediolateral, −3.0 mm; dorsoventral, −4.5 mm below surface of the dura. After a 5 min waiting period, the needle was slowly retracted. Forty-five minutes prior to surgery and for the following 24 hours, animals received subcutaneous injections of the buprenorphine HCL (0.1 mg/kg; Reckitt Benckiser Pharmaceuticals Inc., Richmond VA) and were monitored closely for signs of pain or discomfort. Soft chow was provided to rats for 5 days following surgery.
XPro®1595 dosing
Beginning 3 or 14 days post 6-OHDA or mock (saline) lesion, rats received subcutaneous (s.c.) injections of XPro®1595 (10 mg/kg in sterile saline) or saline every 3 rd day. This dosing schedule is based on a serum half-life for s.c. dose of ~18 hr in rats. Peripherally administered XPro®1595 was assessed for its potential to enter the brain in therapeutic concentrations, reduce microglia and astrocyte numbers, and protect tyrosine hydroxylase neurons (TH/NeuN+) in substantia nigra pars compacta (SNpc).
Determination of XPro®1595 levels in plasma and CSF of rats injected with XPro®1595 peripherally
Rats (n=20) received mock (saline; n=10) or 6-OHDA (n=10) lesion. Rats from both mock and 6-OHDA-lesioned groups received a subcutaneous injection of either saline (n=2) or XPro®1595 treatment beginning on day 3 (n=4) or 14 (n=4). Blood was collected on days 14 (prior to 1 st XPro®1595 treatment) and again at the end of the study (day 35) where CSF was also collected.
Plasma and CSF collection for measurement of XPro®1595-Blood was taken by tail vein 14 days and trunk blood 5 weeks after 6-OHDA surgeries. At 5 weeks post surgery, rats were deeply anesthetized with Euthasol (Butler, Dublin, OH) and placed into a stereotaxic frame for CSF collection via the cisterna magna puncture method according to [29] with minor modifications. With the nose positioned downward at approximately 45°, the cisterna magna was exposed by dissecting through the musculature overlying the posterior atlantooccipital membrane. The membrane was punctured using a 27 gauge Hamilton syringe attached to the stereotaxic frame and CSF (~125 μL) was slowly aspirated and immediately flash frozen in liquid nitrogen and stored at −80°C until time of assay. This process took less than 2 min upon which trunk blood was immediately collected. At day 14, tail blood was collected using the tail clip method [30] . Using the tail clip method, blood samples (~200 μL) were collected within 3 min of disturbing the cage by gently stroking the tail. All blood was collected in EDTA coated tubes and immediately placed on ice; samples were on ice < 30 min. Plasma was extracted after a 15 min spin (2000 g) in a pre-cooled (4°C) centrifuge. Plasma was immediately flash frozen in liquid nitrogen and stored at −80°C until time of assay.
Measurement of XPro®1595-Plasma (diluted 1:4) and CSF (undiluted) levels of XPro®1595 (10 mg/kg; s.c.) were measured using the Meso Scale Discovery anti-human TNF ultrasensitive (cat # K151BHC-1) electrochemiluminescent detection immunoassay and quantified using the Meso Scale Discovery SECTOR Imager 2400-A (Meso Scale Diagnostics, LLC, Rockville, MD). To measure XPro®1595, the supplied human TNF protein used to generate a calibrator/standard protein was replaced by the XPro®1595 protein, which increases the sensitivity of the assay substantially. Signals from the linear standard curve range from 3000 (at 0 XPro®1595) to 1 million counts (at 250 ng/mL). All samples were assayed in duplicate by an experimentalist blinded to treatment history. The data were analyzed using the Meso Scale Discovery integrated data analysis software which converts signal to pg/mL values.
Histological and Behavioral analysis of 6-OHDA hemiparkinsonian rats treated with XPro®1595 peripherally
All rats (n=27) received a unilateral lesion of 6-OHDA within the right striatum. Previous studies demonstrate that the contralateral SNpc and striatum remains unaffected by this procedure; thus, each animal also served as its own control [9] [10] [11] . 6-OHDA-lesioned rats were then treated with saline or XPro®1595 beginning 3 (saline n=6; XPro®1595 n=6) or 14 (saline n=6; XPro®1595 n=7) days post lesion. Experimental design is as follows with specific details below: Forelimb asymmetry (Cylinder test) was assessed 21 days post lesion. Five weeks after lesion (Day 35), rats were killed and brains were processed for immunohistochemistry followed by stereology.
Cylinder test-The cylinder test was performed as described previously [11] . To determine the effect of XPro®1595 on motor deficits induced by a unilateral 6-OHDA lesion, forepaw asymmetry was assessed 21 days following the 6-OHDA (or mock) lesion. Rats were placed into Plexiglas cylinders (15 cm × 45 cm; Diameter × height) and video was recorded for 3 minutes. An investigator blinded to treatment video recorded and later counted the number of ipsilateral and contralateral forepaw touches by each animal. Rats receiving a 6-OHDA lesion in the right striatum have significant motor impairment in the contralateral (left) forepaw. Thus, impaired motor performance in rats with a 6-OHDA lesion in the right striatum will have a greater percentage of right forepaw contacts. The number of right and left forepaw touches were counted. Data presented as percentage of right (non-impaired) forepaw contacts and correlated with loss of TH/NeuN+ cell loss in the SNpc.
Tissue processing
At 5 weeks post 6-OHDA lesion, animals were deeply anesthetized with Euthasol (Butler, Dublin, OH) and transcardially perfused with 250 mL of heparinized (1 ml/l) phosphatebuffered saline; pH 7.4. Rat brains were post-fixed in 4% paraformaldehyde for 24 h at 4°C, and equilibrated in 20-30% (w/v) sucrose in PBS for 24-48 h at 4°C. Brains were cryosectioned into 30 μm-thick coronal sections using a dry-ice cooled SM2010R sliding microtome (Leica, Bannockburn, IL). Coronal sections spaced 120 μm apart throughout the SN (in the range from −4.6 mm to −6.2 mm relative to bregma) were collected.
Stereological estimate of SNpc DA neurons
For the quantification of DA neurons in SN, sections were stained with a polyclonal antibody to the rate-limiting enzyme in DA synthesis tyrosine hydroxylase (anti-TH) (1:1000 dilution; AB152, Millipore, Billerica, MA). Biotinylated anti-rabbit IgG reagent was used as the secondary antibody (1:250 dilution; Vector Laboratories). TH signal was amplified with an ABC Elite kit (Vector Laboratories) and detected with diaminobenzidine (DAB) with nickel (Vector Laboratories). Nuclei were counterstained with anti-NeuN monoclonal antibody (1:1000 dilution, MAB 377, Millipore, Billerica, MA) and biotinylated anti-mouse IgG secondary antibody. NeuN signal was amplified with DAB (brown). Unbiased stereological estimates of dopamine (DA; TH+ cell) and total neuron (NeuN+ cell) numbers were performed using StereoInvestigator analysis software (MicroBrightField, Williston, VT) and the optical fractionator method as previously published [11] . Briefly, boundaries in the substantia nigra pars compacta (SNpc) were outlined according to previously defined anatomical analysis in the rat [31] and cells were counted from 11-13 sections (to ensure coefficient of errors <0.1) by investigators blinded to treatment history under a ×40 oil-immersion objective on a Nikon 80i microscope (Nikon Melville, NY). Stereological parameters: average mounted thickness, 20 μm; optical dissector, 16 μm; and upper and lower guard zones, 2 μm.
Microglia quantification
Coronal sections (240 μm apart) were collected throughout the SNpc (in the range −4.6 mm to −6.2 mm relative to bregma). Every 8 th section, a total of 6 sections per brain, were stained with anti-IbaI antibody (1:600 dilution; Abcam, Cambridge, MA) and Alexa Fluro 488 anti-goat IgG (1:1000 dilution; Invitrogen, Carlsbad, CA) secondary antibody. Serial fluorescent microglia pictures were captured. The number of microglia in SN per field was quantified using Nikon NIS-Element software.
Astrocytes quantification
Coronal sections (240 μm apart) were collected throughout the SN (in the range −4.6 mm to −6.2 mm relative to bregma). Every 8 th section, a total of 6 sections per brain, were stained with anti-GFAP antibody (1:1000 dilution; Dako, Carpinteria, CA) and Alexa Fluro 594 anti-rabbit IgG (1:1000 dilution; Invitrogen, Carlsbad, CA) secondary antibody. Serial fluorescent astrocyte pictures were captured. The sum intensity of fluorescence in SN per field was quantified by using Nikon NIS-Element software.
Statistical analysis
No differences in any dependent measures were observed between 6-OHDA-lesioned rats treated with saline beginning 3 or 14 days post-lesion. Because of this, these animals were collapsed into one group. This served to increase statistical power and limit the unnecessary use of laboratory animals thereby adhering to the principles of Reduce, Refine, and Reuse (3Rs). In all analyses, data are expressed as a percentage of the intact (contralateral) SNpc and comparisons are made between rats that received a unilateral 6-OHDA lesion and treated with Saline, XPro®1595 given on day 3 (XPro (3)), or XPro®1595 started on day 14 (XPro (14)). A one-way analysis of variance (ANOVA) was used to examine potential treatment differences in DA neurons (TH/NeuN+ cells) in SNpc ( Figure 3B ), microgliosis ( Figure 2B ), and astrogliosis ( Figure 2C ). Pearson's r coefficient was used to examine correlations between percent loss of nigral DA neurons (TH/NeuN+ cells) neurons and the cylinder test ( Figure 4D ), microgliosis ( Figure 4A ), and astrogliosis ( Figure 4B ). Correlations between microgliosis and astrogliosis ( Figure 4C ), and between plasma and CSF levels of XPro®1595 (Figure 1) were also examined. All parametric tests passed both the normality and equal variance test. Alpha was set at P < 0.05 and data are expressed as mean ± standard error of the mean (SEM). All statistical analyses were performed with GraphPad Prism version 6.0 for mac (GraphPad Software, La Jolla California USA, www.graphpad.com).
Results
Determination of XPro®1595 levels in plasma and CSF of rats injected with XPro®1595 peripherally
XPro®1595 (10 mg/kg in saline, s.c. every third day) was measured in 20 rats (n=4 per group) using a human TNF-specific immunoassay (Meso Scale Discovery) with XPro®1595 substituted as the standard/calibrator. XPro®1595 was detected in the CNS (3 ± 1 ng/mL) and plasma (4787 ± 1931 ng/mL) in rats that received either 6-OHDA or mock lesion. Background signals for XPro®1595 were derived from saline-treated rats. Table 1 illustrates levels of XPro®1595 measured in the various treatment groups. Plasma and CSF XPro®1595 levels were highly correlated (r = 0.84 N=20, p<0.05, one tail; Figure 1 ). The intra-assay coefficient of variance was less than 5%.
Histological and behavioral analysis of 6-OHDA-lesioned rats treated with XPro®1595 peripherally
Consistent with a role for solTNF in mediating inflammatory responses induced by 6-OHDA [9] [10] [11] , XPro®1595 -treated rats displayed reduced microgliosis (F 2,24 =9.72, p<0.05; Figure 2A ) and astrogliosis in SNpc (F 2,17 =3.83, p<0.05; Figure 2B ) compared to saline-treated rats; regardless of whether XPro®1595 treatment began 3 or 14 days post lesion (p<0.05).
Since XPro®1595 entered the brain and reduced inflammation, we sought to determine whether it would also attenuate 6-OHDA-induced nigral DA neuron death. Because the 6-OHDA model employed in the current study has both an early-and late phase of nigral degeneration [11] , we investigated whether peripherally administered XPro®1595 could exert neuroprotection when given in either phase. Rats were injected subcutaneously with XPro®1595 every third day beginning 3 or 14 days post lesion. As shown in Figure 3B , 6-OHDA-lesioned rats that started XPro®1595 treatment 3 days following surgery retained a significantly greater number of nigral DA neurons measured at day 35 after the lesion (TH/ NeuN+ cells) (one way ANOVA; F 2,24 =16.75, p<0.05) compared to 6-OHDA-lesioned rats treated with XPro®1595 begining14 days after lesion and saline (p<0.05).
We also examined the extent to which inflammation correlated with the loss of nigral DA neurons and locomotor deficits. Both microgliosis (r = 0.49, N=26, p<0.05, one tail; Figure  4A ) and astrogliosis (r = 0.72, N=15, p<0.05, one tail; Figure 4B ) correlated with the percent loss of nigral DA neurons within the SNpc. Rats that had high levels of microgliosis also had high levels of astrogliosis (r = 0.76, N=16, p<0.05, one tail; Figure 4C ). Finally, rats with the greatest amount of nigral DA neuron loss were the same rats displaying paw preference (asymmetry) on the cylinder test (r = 0.51, N=22, p<0.05, on tail; Figure 4D ).
Discussion
Targeting the ongoing neuroinflammation in PD patients is one strategy postulated to slow down or halt disease progression. Our initial findings that central administration of DN-TNF peptide or lentiviral-derived inhibitors attenuated nigral DA neuron death and neuroinflammation in rat models of PD represented the first proof-of-concept for the validity of the solTNF targeting approach. In an effort to translate this therapeutic strategy to patients with PD, in the current study we sought to determine whether peripheral administration of XPro®1595 could block neuroinflammation and nigral DA neuron death induced by intrastriatal 6-OHDA.
Our first objective was to determine whether peripheral administration of XPro®1595 could gain access to the brain in therapeutically relevant concentrations. XPro®1595 was dosed at 10 mg/kg in saline every third day. This systemic dosing achieved terminal plasma levels of 1-8 μg/mL and CSF levels of 1-6 ng/mL depending on whether the rats were killed two or three days after final XPro®1595 injection. These levels did not depend on a compromised blood-brain-barrier as mock-lesioned rats injected with XPro®1595 had comparable CSF levels of drug. These levels of XPro®1595 within the CSF (1-6 ng/mL) are sufficient to neutralize >99.9% of soluble TNF at the pathological levels found in most chronic inflammatory neurological disorders, such as the 30-90 pg/mL reported for Parkinson's patients CSF [5, 32] .
Our second objective was to investigate whether once XPro®1595 got into the brain, it could attenuate markers of neuroinflammation. We examined the extent to which early versus delayed XPro®1595 treatment could attenuate microglia and astrocyte activation in rats that received a unilateral 6-OHDA intrastriatal lesion. Consistent with previous studies in which DNTNF was administered centrally (e.g., [9] [10] [11] ), peripherally administered XPro®1595 attenuated both microglia and astrocyte activation regardless of treatment start date. These data provide further support that brain levels of 1-6 ng/mL of XPro®1595 are sufficient to attenuate neuroinflammation.
As a final test of efficacy for peripherally administered XPro®1595 , we sought to determine whether early versus delayed administration attenuated nigral DA neuron death and motor impairment in a well-characterized hemiparkinsonian rat model where direct intranigral delivery of this biologic had already shown good efficacy. Our findings demonstrate that blocking solTNF shortly after 6-OHDA lesion is key to achieving robust neuroprotection of nigral dopaminergic neurons. We found that when XPro®1595 was given beginning 3 days after lesion, 15% of nigral DA neurons were lost. Rats that began XPro®1595 treatment 14 days after lesion had comparable nigral DA neuron loss (44%) to saline-treated rats (55%). Because these analyses were done in the same animals, we were able to show that those rats with increased nigral DA neuron death also had increased (correlated highly) microglia and astrocyte number and motor dysfunction. In summary, where XPro®1595 attenuated nigral cell death, it also attenuated neuroinflammation and motor deficits in those same animals.
In hemiparkinsonian rats, the bulk of DA neuron loss occurs within the first 7 days [33] [34] [35] [36] [37] . Our early intervention began 3 days after lesion, suggesting that XPro®1595 can attenuate an ongoing degenerative process in which inflammation is a necessary component. Recent clinical data suggests that in humans with PD this window is approximately 4 years from time of diagnosis to maximum nigral DA neuron loss [38] . These data lead us to conclude that a disease-modifying window may exist even after a patient has received a clinical diagnosis of PD and that XPro®1595 will be effective in those PD patients where inflammation may be accelerating neuropathology. Given the emergent data that inflammation may also underlie some of the non-motor symptoms of PD [13] , there may be a beneficial and protective role for XPro®1595 at several different stages of the disease. Together, these data demonstrate that peripheral administration of XPro®1595 can robustly attenuate nigral DA neuron loss even when given some time after the beginning of an insult that triggers oxidative stress.
While timing appears to be critical to attenuate nigral DA neuron death, XPro®1595 was able to block neuroinflammation regardless of when it was administered in relation to the lesion, as both microglia and astrocyte markers were reduced in rats given XPro®1595 beginning on day 3 or at day 14. The significance of being able to block inflammation at any point during the disease might have benefits for non-motor symptoms [13, 39] . Subsequently, others have shown that TNF [16] and c-reactive protein (CRP), classic companion biomarkers of inflammation, were correlated with fatigue [15] , depression [40] , cognition [41] , and hallucination [42] in PD patients and plasma solTNF receptors were correlated with cognitive impairment in PD patients [17] . Elevated CRP has also been observed to correlate with motor dysfunction in PD patients [43] [44] [45] [46] . If these specific inflammatory factors are tied to the mechanism of non-motor (depression or cognition) symptoms, a single therapy may treat both motor and non-motor symptoms of PD by suppressing central and peripheral inflammation. Consistent with this idea, TNF antagonism with the TNF antibody infliximab was recently evaluated in patients with refractory depression. The authors found that peripheral anti-TNF therapy could ameliorate depressive symptoms in a subset of patients, and that these patients were defined by elevated levels of plasma CRP [47] . The authors proposed CRP as a biomarker for treatment response to anti-TNF therapy. These findings may have major implications for PD; specifically for identifying PD patients with active inflammation who should derive CNS benefit from systemic XPro®1595 therapy. Regardless, the ability of peripherally administered XPro®1595 to attenuate the neuroinflammatory response suggests its utility may reach beyond the motor symptoms of PD and should be investigated in other models of disease that are characterized by chronic activation of microglia and astrocytes.
The results in the current work are selective for solTNF, and therefore XPro®1595 . Commercially available anti-TNF inhibitors are non-selective and therefore block the activities of both solTNF and tmTNF. The positive effects of TNF antagonism (i.e. inhibiting inflammation) occur primarily via solTNF, whereas inhibition of tmTNF signaling can compromise host defense, inhibit myelination and impair reparative functions [22, 23, [48] [49] [50] . In addition to safety liabilities, there is no compelling data that any of the commercially available FDA-approved TNF-antagonists can access the brain in the absence of significant CNS pathology and significant disruption of the BBB. Because of their nonselectivity against soluble and tmTNF, TNF antagonists currently on the market (including infliximab) have warning labels against use in patients with neurologic diseases due to significant liabilities in terms of both immune suppression and inhibition of myelination, leading to susceptibility to infection and precipitation or worsening of demyelinating disorders [51] [52] [53] . XPro®1595 is the only anti-TNF therapy demonstrated to selectively antagonize solTNF, access the brain, and attenuate neuroinflammation and nigral DA neuron death when administered peripherally.
In summary, the data presented herein demonstrate that peripheral administration of XPro®1595 can enter the brain and significantly attenuate neuroinflammation. To attenuate nigral DA neuron death, it was important that XPro®1595 be given early during the course of disease when inflammation is playing a central role in neuronal demise. That inflammation can be attenuated by XPro®1595 early or later in the disease process demonstrates the potential utility of this drug in treating PD-associated ailments that may have an inflammatory component. In fact, XPro®1595 has shown to be effective in other disease models where inflammation is part of the disease process, including multiple sclerosis (e.g., [23, 50] ). Thus, where inflammation is part of pathology, XPro®1595 can be therapeutically efficacious when administered peripherally. We have reproducibly attenuated nigral DA neuron death using various pre-clinical models of PD, different species, and different routes of administration. This capstone study has clear clinical implications and provides compelling rationale for moving XPro®1595 toward a clinical trial in pre-motor or newly diagnosed PD patients.
Figure 1. Plasma levels of peripherally administered XPro®1595 correlate with CSF levels
Log plasma and CSF levels were highly correlated (R 2 =0.70, N=20, p<0.05). 
Peripherally administered XPro®1595 crosses into the CNS in therapeutically relevant concentrations
XPro®1595 was measured using a human TNF-specific immunoassay (Meso Scale Discovery) in plasma (Day 14 and 35) and CSF (Day 35). Animals killed two or three days after final injection had plasma levels in the range of 1000-8000 ng/mL and CSF levels of 1.9 -5.7 ng/mL. 
